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1,2 Since the discovery of efficient photoluminescence ͑PL͒ from micelle-wrapped single-walled carbon nanotubes ͑SWNTs͒, 3 the optical properties of SWNTs have also attracted considerable attention. PL processes of carbon nanotubes are determined by the dynamics of stable excitons through enhanced Coulomb interactions in one-dimensional systems. [4] [5] [6] [7] [8] [9] Essential information on exciton dynamics in carbon nanotubes has been provided by PL spectroscopy and transient absorption studies, [10] [11] [12] [13] [14] [15] [16] and it has been shown that the exciton dynamics in SWNTs are determined by radiative and nonradiative relaxation processes within the nanotubes and exciton energy transfer between tubes in the bundled nanotubes. [17] [18] [19] [20] [21] Double-walled carbon nanotubes ͑DWNTs͒ are one of the excellent samples for studying exciton energy transfer because the inner tubes are isolated into an unperturbed environment by their surrounding outer tubes. Raman-scattering experiments have shown that inner tubes of DWNTs exhibit unusual narrow lines of the radial breathing mode. 22, 23 This unperturbed environment allows examination of the intrinsic nature of the interwall interaction between the inner and outer tubes of DWNTs. Static PL spectroscopy study of peapod-derived DWNTs has indicated that a decrease in interwall distance causes PL quenching. 24 In contrast, the transient and static PL of the inner tubes of DWNTs showed distinct PL peaks with various chiral indices. 25 However, the mechanisms of the electronic interaction and the exciton energy transfer between the inner and outer tubes of DWNTs are not yet clear.
In this Brief Report, we have studied PL spectra and dynamics of the inner tubes of DWNTs. We found that the PL peaks of the inner tubes in DWNTs are redshifted from those of SWNTs with the same chiral indices and that this redshift is enhanced with increasing inner tube diameter. In addition, PL lifetimes of the inner tubes decrease with increasing inner tube diameter. The difference in PL spectrum and dynamics between DWNTs and SWNTs is caused by the screening effect due to the outer tubes and the exciton energy transfer between the inner and outer tubes.
DWNTs and SWNTs grown by HiPCO ͑Carbon Nanotechnology Inc.͒ were prepared in dispersion in D 2 O solutions with 0.5 wt % sodium dodecylbenzene sulfonate ͑SDBS͒, vigorously sonicated, and then centrifuged at 30 000 g for 5 h. 3 Transmission electron microscopy ͑TEM͒ analyses confirmed that the samples in this study consisted of DWNTs ͑ϳ65%͒, with a small admixture of residual multiwalled carbon nanotubes ͑ϳ30%͒ and SWNTs ͑Ͻ5%͒. The average interwall distance between the inner and outer tubes in DWNTs was about 0.4 nm.
Time-resolved PL measurements were performed by using femtosecond excitation correlation ͑FEC͒ spectroscopy. 15, 26 Both DWNT and SWNT samples were excited with optical pulses from a Ti:sapphire laser with a central wavelength of 730 nm ͑1.70 eV͒, repetition rate of 80 MHz, ϳ100 fs pulse duration, and a spectral width of 8 nm. The two beams separated by the delay time were chopped at 1000 and 800 Hz and collinearly focused onto the same spot ͑ϳ10 m͒ on the samples at normal incidence. Using a photomultiplier tube and a lock-in amplifier, only the PL signal components modulated at the sum frequency ͑1800 Hz͒ were detected after the initial PL dispersion by a monochromator. The measurements were carried out under low excitation conditions ͑ϳ10 J / cm 2 ͒. Figures 1͑a͒ and 1͑b͒ show the PL excitation ͑PLE͒ maps of the SWNTs and DWNTs, respectively. Each PL peak of the SWNTs comes from nanotubes with different chiral indices ͑n , m͒. The chiral indices are determined according to the assignment scheme described in Refs. 27 and 28. Wellresolved PL signals of the DWNTs are observed in the PLE map. As the pattern in the PLE map of the DWNTs is similar to that of the SWNTs, the chiral indices ͑n , m͒ in the DWNTs are assigned according to the same scheme for the SWNTs. As the amount of residual SWNTs ͑Ͻ5%͒ in the DWNT samples and the outer tubes showing PL in this energy region is sufficiently small to be excluded, the PL of DWNT samples is ascribed to the inner tubes. 25 Figures 2͑a͒ and 2͑b͒ show the time-integrated PL spectra of the DWNTs and the SWNTs under continuous-wave excitation at room temperature by Ti:sapphire and He-Ne lasers ͑1.70 and 1.96 eV, respectively͒. The PL peaks of the DWNTs in the higher energy region are not shifted relative to those of the SWNTs, but those in the lower energy region are redshifted. Figure 2͑c͒ shows the PL peak energy differences between E 11 DWNT ͑DWNTs͒ and E 11 SWNT ͑SWNTs͒ as a function of nanotube diameter. The PL peak redshift occurs in the DWNTs. The amount of redshift increases with inner tube diameter. External dielectric screening appears to be the dominant effect causing the PL peak redshift, since the electric-field lines between electrons and holes ͑excitons͒ experience sensitively the external dielectric constant . The change of exciton transition energy due to the dielectric screening is dominated by the band-gap shift rather than change of the exciton binding energy. 5, 29 In fact, it has been reported that the PL peak energies of micelle-wrapped SWNTs in water or organic solvents ͑ ϳ 2͒ are redshifted away from those of SWNTs ͑ϳ20-50 meV͒ suspended in air or vacuum ͑ ϳ 1͒. 30, 31 The dielectric screening for inner tubes of DWNTs due to the outer tube ͑ ϳ 4͒ causes the PL redshift in DWNTs ͑Ref. 32͒ because of the small interwall distance in DWNTs ͑ϳ0.4 nm͒. The diameter dependence of the PL redshift shown in Fig. 2͑c͒ suggests that the dielectric screening is enhanced due to the shorter interwall distance between the inner and outer tubes with increasing inner tube diameter.
In order to clarify the effects of interwall distance on PL properties, we study the PL dynamics of DWNTs. Figure 3 shows the normalized fast-decay components of FEC signals. 15 In this picosecond time region, the decay curves are described by single exponential functions, and the PL lifetimes PL are determined from the fast-decay component of FEC signal. In a smaller-diameter ͑10, 2͒ nanotube, the PL lifetime of DWNTs is larger than that of SWNTs. In a largerdiameter ͑8, 7͒ nanotube, the PL lifetime of DWNTs becomes shorter and close to that of SWNTs. Therefore, the PL dynamics depends on the diameter of the inner tube. decreasing inner tube diameter, while the lifetime of SWNTs is almost independent of tube diameter. The inset of Fig. 4 shows the PL lifetime ratio of DWNTs to SWNTs PL DWNT / PL SWNT as a function of tube diameter. The large diameter dependence of the PL lifetime ratio clearly indicates the existence of a fast energy relaxation process in DWNTs. As discussed in Fig. 2 , the interwall distance is thought to become shorter for DWNTs with larger inner tubes. Therefore, we discuss the PL lifetime of DWNTs as a function of interwall distance.
First, we consider that the radiative lifetime decreases because of the enhancement of the dielectric screening effect in the larger inner tube, as discussed in the origin of the PL peak energy shift ͓see, Fig. 2͑c͔͒ . We estimate the decrease of the effective radiative lifetime when the effective dielectric constant eff increases. The increase of the effective dielectric constant of ͑8, 7͒ inner tube in comparison with ͑8, 7͒ SWNT is estimated as ϳ10% from the PL redshift of ϳ4 meV in Fig. 2͑c͒ . 33 The effective radiative lifetime is determined by both the radiative lifetime of the bright exciton state and the energy splitting between the bright and dark exciton states. 6, 7, 34 These two values depend on eff . The change of the radiative lifetime of the bright exciton is estimated as only ϳ10% from Ref. 7, when eff increases about 10%. The change of the exciton splitting energy does not play an essential role in the decrease of the PL lifetime because at room temperature the thermal energy is much larger than the exciton splitting energy. 35 Hence, it is believed that the decrease of the PL lifetime in the larger inner tube cannot be explained only by the enhancement of the dielectric screening effect.
Next, we consider that the dependence of the PL lifetime on the interwall distance is caused by the exciton energy transfer from the inner ͑donor͒ to the outer ͑acceptor͒ tubes via Förster-type dipole-dipole interaction. 17, 18 The energytransfer efficiency is then determined by the interwall distance and the spectral overlap of donor emission and acceptor absorption. 36 For DWNTs, the emission spectra of excitonic states E 11 of inner tubes could overlap with the E 22 absorption spectra of outer tubes.
Using Förster's formalism, the total-energy transfer rate 1 / ET can be described by integrating the rate over the entire surface of the outer tube as follows: 18, 37 
͑1͒
where r,inner DWNT is the radiative lifetime of the inner tube, R 0 is the Förster radius, d in is the inner tube diameter, and d out is the average diameter of the outer tube ͑ϳ1.8 nm as determined from TEM measurements͒. As the observed PL lifetimes of SWNTs and DWNTs ͑ϳ20-40 ps͒ are much shorter than the theoretically predicted radiative lifetime of the excitons in the SWNTs, 6, 7 thus, the experimentally observed PL lifetime of the inner tube of DWNTs is determined by the nonradiative recombination nr,inner DWNT and exciton energy-transfer time ET :
Using Eqs. ͑1͒ and ͑2͒, the PL lifetime PL,innr DWNT can be derived as PL,inner DWNT Ϸ nr,inner
where
Assuming that the quantum yields of the inner tubes without exciton energy transfer Q Ϸ nr,inner DWNT / r,inner DWNT is of the order of 10 −3 similar to SWNTs, 10 we obtained the fitting curve shown in Fig. 4 . We derived the best fitting parameters nr,inner DWNT of ϳ80 ps and the Förster radius of ϳ1.8 nm. The larger nr,inner DWNT ͑ϳ80 ps͒ without energy transfer in comparison with PL lifetimes of SWNTs PL SWNT Ϸ nr SWNT ͑ϳ20 ps͒ implies that the inner tubes are clean and well shielded from the surrounding environments by the outer tube and preclude chemical derivatizations and defects on the sidewall, which could induce additional nonradiative relaxation paths. 38 Förster's theory predicted that energy could be transferred by a resonance dipole-dipole interaction mechanism over distances from ϳ1 to ϳ10 nm, 36 and thus the Förster radius of ϳ1.8 nm obtained here is reasonable. The diameter dependence of the observed PL,inner DWNT is well reproduced by the theory considering only Förster-type interaction. These results represent the evidence that efficient exciton energy transfer occurs from inner to outer tubes in DWNTs.
In conclusion, we have studied PL spectra and dynamics in DWNTs to elucidate the mechanism of interactions between the inner and outer tubes. The PL peaks of the large inner tubes of the DWNTs are shifted to lower energies than those of SWNTs. The exciton energies of the inner tubes are affected by the outer tubes in the DWNTs. Furthermore, with an increase in inner tube diameter, the PL lifetimes of the inner tubes decrease. This diameter dependence suggests that exciton energy transfer occurs from the inner to the outer tubes in DWNTs and that the exciton energy transfer is caused by Förster-type dipole-dipole interaction. Our results indicate that exciton energy transfer, as well as electronic screening, plays a crucial role in interwall interactions of DWNTs. 
